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The lifetimes of polar optical phonons are known to affect both the electrical and thermal
performances of gallium nitride GaN based devices. Hence, understanding the dynamical behavior
of these phonons in GaN is integral to the elucidation of carrier drift velocities, hot phonon effects,
and temperature localization in these nitride semiconductors. To investigate this dynamic behavior,
temperature dependent phonon lifetimes were acquired through utilization of the linewidth of the
Raman response for GaN samples having various doping types and concentrations. The temperature
dependent lifetimes of the four examined phonon modes were then correlated with the Klemens
decay model modified to account for four-phonon processes to deduce the decomposition of the
zone center phonons. A graphical method that maps this decomposition in the high symmetry
directions of the Brillouin zone is also presented. From the variation in lifetime with free carrier
concentration, dominant scattering mechanisms are subsequently found for each of four different
phonon modes. It is observed that the phonon-carrier interaction directly determines the lifetimes of
the polar optical A1 and E1LO modes, while the transverse modes into which these longitudinal
phonons decay are independent of this interplay. These results indicate that temperature localization
likely arises due to the continual emission and reabsorption between the LO phonon modes and the
free carriers rather than the persistence of lattice/carrier interaction throughout the entirety of the
energy cascade. © 2008 American Institute of Physics. DOI: 10.1063/1.2912819
I. INTRODUCTION
Gallium nitride GaN is an attractive material for a host
of microelectronic and optoelectronic applications due to
both its inherent chemical stability and wide bandgap.1,2
These attributes allow operation at high temperature, fre-
quency, and electric fields, qualities which are desirable for
implementation into power electronics and rf
communications.3 However, to improve these devices to al-
low for their mainstream adoption, significant technical chal-
lenges remain. Chief among these challenges is the mitiga-
tion of considerable self-heating through phonon-carrier
interactions and subsequent hot spot formation, which was
shown to degrade both performance and reliability.4–6
Phonon-carrier interactions arise due to the polar nature
of the gallium nitride lattice itself and, in particular, the
strong coupling between the free carriers and the longitudi-
nal optical LO modes.7 This interaction manifests itself
upon application of an electric field, whereupon electrons are
accelerated until their energy is sufficient to emit optical
phonons. To maintain an equilibrium state, it is necessary
that these emitted phonons decay at a rate equal to their
creation. In actuality, the lifetime of the emitted phonons is
over an order of magnitude longer than the characteristic
emission time, which leads to a nonequilibrium distribution
of these polar LO phonons.8 The nonequilibrium distribution
of these LO phonons, which are termed as “hot phonons,” is
deleterious as their presence was shown to significantly re-
duce electron drift velocity and, thus, overall device
performance.9,10 Only through efficient decay of these hot
phonons into other phonon modes is this effect minimized
and performance then maximized. Thus, the rate of this de-
cay and the mechanisms by which it occurs are then of pri-
mal importance to the development of next generation de-
vices.
Phonon decay is also pertinent from a thermal perspec-
tive as devices must efficiently dissipate heat to maintain
operating temperatures typically required to be less than
200 °C.11 To effectively dissipate this energy, optical phonon
modes with a low group velocity must decay into acoustic
modes with a high group velocity at a rate commensurate
with the power supplied to the device.12 When these phonon
transformations do not occur with sufficient celerity, the tem-
perature in the device will increase, leading to subsequent
reductions in performance and reliability.13,14
The lifetimes of zone center optical phonons can be ex-
perimentally determined through a number of techniques, in-
cluding steady state and time resolved Raman spectroscopy,
as well as microwave noise measurements.5,6,15 In using
steady state Raman spectroscopy, the linewidth,  full width
at half maximum, of the Stokes peak can be directly corre-
lated with the lifetime of the measured phonon through the
energy-time uncertainty relation.15,16 Time resolved Raman
spectroscopy, on the other hand, does not rely on this relation
but instead deduces the lifetime through examination of the
decay in the temporal response of the anti-Stokes Raman
signal.17 In contrast to these optical techniques, the micro-
wave noise procedure relies on an interaction between the
phonon and the free carriers, thus, limiting its application toaElectronic mail: sgraham@gatech.edu.
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only particular modes. This interaction allows for the cre-
ation of a simple energy balance, which when used in con-
cert with measurements of the rate at which electrons gain
and lose energy, allows for estimation of the phonon
lifetime.5,18
Regardless of the technique employed, measuring the
lifetimes of a particular mode at several temperatures allows
for prediction of the phonon decay path through the use of
perturbation theory. Knowledge of the decay pathway, in
turn, gives insight into the entire lattice energy cascade and
visualization of the energy “flow.” Through careful examina-
tion of this flow, energy bottlenecks may be identified and
future avenues for device improvement through phonon en-
gineering are illuminated. By using standard Raman spec-
troscopy, previous studies identified these pathways for five
different phonon modes in standard bulk samples of GaN
having relatively low free carrier concentrations n
1017 cm−3.19,20
In the presence of a high free carrier concentration n
51017 cm−3, however, the LO phonons become
strongly coupled with the presence of plasmons, forming
what is commonly referred to as a longitudinal optical
phonon-plasmon LPP coupled mode.21,22 Tsen et al.6 used
this coupled mode, in turn, to deduce the lifetime of the
A1LO phonon and showed an inverse relationship between
the rate of decay and the free carrier concentration. Due to
this dependency, questions then arise as to the extent of free
carrier interaction throughout the entirety of the energy cas-
cade. In response, this study analyzes the decay of four-
phonon modes in a series of GaN samples having carrier
concentrations ranging from 31017 to 1.241018 cm−3 at
temperatures varied from 23–300 °C. By incorporation of
this method, the lifetime, decay pathways, and carrier depen-
dences will be enumerated for each of the modes, thus offer-
ing insight into relevant energy transfer mechanisms in GaN
based devices.
II. EXPERIMENTAL
A series of gallium nitride wafers was produced through
the use of a metal organic chemical vapor deposition. Three
different wurtzite GaN samples were examined in this study,
namely, n-type GaN nGaN acquired through Si infiltration,
p-type GaNpGaN attained by utilizing a Mg implantation
procedure, and bulk type GaN GaN. Through room tem-
perature analysis of the spectral profiles of the LPP modes, it
was found that the free carrier concentration for the n-type,
p-type, and bulk GaN samples were 1.21018, 6.41017,
and 31017 cm−3, respectively.23 In addition, it is of note
that the doped regions described thus far rest directly on top
of an undoped GaN buffer layer to assure the highest quality
lattice structures. Further details regarding both the growth
and initial characterization of the GaN samples studied here
can be found in Refs. 24–26.
Phonon lifetime measurements were carried out by using
a Renishaw InVia Raman system. The system utilized a 488
nm Ar+ laser in the 180° backscattering mode through a 50
 objective. In this region of the spectrum, GaN is transpar-
ent and, as such, the probing radiation interacts with both the
doped and the undoped GaN buffer layers. The acquired sig-
nals will, thus, have contributions stemming from each re-
gion. However, as this buffer layer is consistent between
each of the differently doped samples, qualitative compari-
sons between the specimens remain valid. With this under-
standing, samples were measured at typical device operating
temperatures ranging from 23–300 °C using a Linkam TS-
1200 heated stage along both the c and a axes in order to
capture four of the Raman active modes A1LO, A1TO,
E1LO, and E2
high. In the backscattering arrangement, the
E1LO mode is forbidden and, as such, the actual measured
values are that of the quasi-LO or QLO mode. This QLO
mode, however, was used to directly estimate the lifetime of
the E1LO mode in the work of Song et al.20 and will like-
wise be utilized here.
Of the four modes investigated, the E2
high mode is the
only nonpolar phonon mode and will be used for comparison
to the behavior of the other polar optical phonon modes. This
same mode is also used as a built-in temperature sensor to
verify the sample temperature during the experiments by us-
ing basic Raman thermometry techniques.27 For each tem-
perature and phonon mode, at least 20 acquisitions of the
Raman signal were acquired, resulting in uncertainties that
were no more than 3.7% and most often less than 1% of
the measured lifetime value.
III. RESULTS
A. Temperature dependence of the phonon lifetimes
The measured Raman linewidths are a convolution of
effects stemming from both the spectrometer-induced broad-
ening and the actual Lorentzian vibrational distribution of
the phonons in the crystal lattice. It is typically assumed that
the spectrometer imposes a Gaussian response on the signal
from the crystal lattice that is itself Lorentzian in character.
Thus, the Raman spectrum data are fitted by using the math-
ematical convolution of these functions known as the Voigt
profile.28 Consequently, the “as acquired” measured line-
width cannot be directly used to obtain the phonon lifetime
as it has effects evolving from both the crystal and the re-
sponse function of the spectrometer.
To obtain the actual crystal lattice linewidth, the Voigt
profile is deconvoluted by using Posener’s tables with
knowledge of the Gaussian response function of the
spectrometer.29,30 The Gaussian response function can be de-
termined through calibration with plasma lines of an ex-
tended neon source at varying slit widths. The lifetime is
subsequently calculated by using the energy-time uncertainty





where  is the lifetime in picosecond,  is the modified
Planck constant 5.3 cm−1 ps, and  is the true crystal line-
width.
By using this deconvolution procedure, phonon lifetimes
were examined for the four-phonon modes in each of the
three samples investigated. Quantitatively, it was found that
the room temperature lifetimes of the E2
high, A1LO,
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A1TO, and E1LO modes were 2.56, 0.86, 0.63, and 0.66
ps, respectively, for the bulk GaN sample. These lifetimes
correlate well with the recent work of Song et al.,20 who
reported similar values of 2.5, 0.75, 0.5, and 0.58 ps for these
same respective modes for bulk GaN at room temperature.
Figure 1 shows the temperature dependence of the life-
times for each of the four-phonon modes for the bulk,
p-doped, and n-doped GaN samples. From Fig. 1, it is seen
that for all samples, an increase in temperature is accompa-
nied by an associated decrease in phonon lifetime. This de-
crease occurs as the rate of phonon-phonon scattering in-
creases with temperature due to the associated increase in the
phonon thermal occupancy and, hence, their interaction. Yet
despite this qualitative uniformity, there exist significant
quantitative differences between the lifetime values for many
of the modes. This is exemplified for the A1LO mode,
where at room temperature, the lifetime is seen to decrease
from 0.86 ps with a carrier concentration of 3.1
1017 cm−3 to 0.68 ps at a concentration of 1.24
1018 cm−3. The underlying cause for this discrepancy,
whether it be changes in the lattice due to the doping proce-
dure or actual phonon-carrier interaction, cannot be enumer-
ated solely based on the differences between these lifetime
values. Rather, it is necessary to compare the decay pro-
cesses for each of the different samples to identify the un-
derlying causes for the variation in the lifetimes. Conse-
quently, Secs. III B and III D will examine the decay
pathways for each mode to determine the lifetime’s depen-
dency on free carrier concentration.
B. E2
high phonon decay channels and carrier
dependency
By using the temperature dependent phonon lifetimes
seen in Fig. 1, it is possible to determine the phonon decay
pathways in the Brillouin zone. By assuming that each opti-
cal phonon dissipates into two phonons in a so-called three-
phonon process, Klemens32 obtained the following relation
for the linewidth of a crystal based upon perturbation theory:






where 0 and D are fitting parameters that represent the
linewidth at 0 K and xi=i /kBT, where kB is Boltzmann’s
constant, T is the temperature in Kelvin,  is, again, modified
Planck’s constant only this time in standard units of J/s, and
i is the frequency of the resulting phonon after the scatter-
ing process. Due to conservation of energy, the following
relation must be satisfied: 0=1+2. By using Eq. 2, the
temperature dependent linewidths were fitted for the E2
high
mode assuming a symmetric decay process 0 /2=1=2
=284 cm−1 and then transformed to a lifetime value per Eq.
1. As seen in Fig. 2 for the bulk GaN sample, it was found
that the resulting curve did not correlate well with the mea-
sured lifetime values. Consequently, it is necessary to ac-
FIG. 1. Color online Phonon lifetime vs temperature for each mode ex-
amined in a bulk GaN, b p-type GaN, and c n-type GaN. Analysis of
the temperature dependence of these lifetimes can be used to identify the
decay pathways of the phonon modes.
FIG. 2. Color online Measured E2
high mode for bulk GaN fitted by account-
ing for only three-phonon processes dashed line and by using both three-
and four-phonon processes solid line. It can be seen that four-phonon
processes are quite relevant at the temperatures examined here.
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count for more complex and possibly asymmetric decay
mechanisms.
Balkanski et al.33 accounted for these complex decay
mechanisms through modification of Klemens’ original
model through consideration of both three- and four-phonon
processes. In a four-phonon process, the decay of the phonon
is assumed to occur into three separate phonons and Eq. 2
is revised into the form shown below,









exi − 12	 ,
3
where 1 is an additional fitting parameter representing a
portion of the linewidth at 0 K. By incorporating this fitting
procedure and assuming equivalent decay for the four-
phonon process 3=4=5=0 /3, Eq. 3 was found to
have excellent correlation with the data for the E2
high mode, as
seen in Fig. 2. As this same fitting model was also capable of
predicting each of the differently doped sample’s responses
Fig. 3, it can be reasoned that the phonon decomposition
mechanisms are identical despite the changes in free carrier
concentration.
The actual path of decomposition may be identified
through examination of the Brillouin zone of GaN as in any
scattering event energy must be conserved, while phonon
momentum must similarly be preserved within a reciprocal
lattice vector. To examine the phonon momentum energy
was conserved as part of the fitting procedure, it must be
noted that due to the wavevector of the incident light, it is
only those phonons near the Gamma point that are measured
during the acquisition of a first order Raman spectrum.23
Consequently, in the assumption of a symmetric three-
phonon decay process, conservation of the phonon momen-
tum stipulates that the resulting phonons must have
wavevectors opposite of each other with respect to the
Gamma point of the Brillouin zone. This fact remains valid
even after an umklapp process as with the addition or sub-
traction of a reciprocal lattice vector, the resulting phonon
has an identical wavevector, although in an adjacent zone.
In a similar manner, momentum conservation of the
phonons necessitates that in a four-phonon process, the sum
of the three resulting phonon wavevectors must be equal to
0. As there is a relation between energy frequency and
phonon momentum wavevector via the lattice dispersion
curve, only certain transformations will be allowed. Thus, by
examining the scattering processes with respect to the disper-
sion curve, one can easily assure the viability of a scattering
mechanism while simultaneously tracing the decay pathway
of the phonon.
Previously, it was shown that suitable fitting of the ex-
perimental lifetime data for the E2
high mode was obtained by
assuming a symmetric decay process wherein the phonon
decays into two phonons of energy 0 /2 and a four-phonon
process by which three phonons of energy 0 /3 result. If the
dispersion curve, as seen in Fig. 4, is then examined at these
resulting energies the solid 284 cm−1 and dashed 189 cm−1
lines, decay can take place only if points on the dispersion
curve are present that also satisfy the momentum criterion.
For example, the momentum criterion is satisfied for sym-
metric decay at points on the dispersion that intersect the
constant 0 /2 energy line as two resulting phonons of oppo-
site wavevector at this intersection will result. Similarly, vi-
ability of the four-phonon process can be assured if intersec-
tion between the 0 /3 energy line and the dispersion curve
occurs at a set of three locations such that the resulting
wavevectors sum to 0. In Fig. 4, the solid and dashed arrows
identify such locations along the constant 0 /2 and 0 /3
energy lines that satisfy these conditions for both the three-
and the four-phonon processes, respectively. As a conse-
quence, the hypothesized decay model is then validated
while simultaneously illustrating possible avenues for the de-
composition of the E2
high mode. Note that as the dispersion
only gives information with regards to the directions of high
symmetry and not the entire Brillouin zone, additional scat-
tering pathways will no doubt be available. Thus, Fig. 4
gives possible, rather than definitive pathways. Yet even with
knowledge of these possible decay routes, a preliminary pic-
ture of the energy cascade in GaN begins to form and the
dominant cause of scattering can be identified through com-
parison of the lifetimes of the differently doped samples.
FIG. 3. Color online Phonon lifetime vs temperature for the E2
high mode of
bulk, p-type, and n-type GaN. The symbols are the measured values, while
the lines represent the fitting obtained by using Eq. 3. Notice that at higher
temperatures, the lifetimes converge, indicating the dominance of phonon-
phonon scattering and a lack of phonon-carrier interaction.
FIG. 4. Color online Dispersion curve of wurtzite GaN as reported by
Siegle et al. Ref. 41. The decay of the E2
high phonon is shown to occur via
a combination of symmetric three- and four-phonon decays. Notice the
points dots on the curve satisfy the momentum criterion, indicating an
allowed scattering event.
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The lifetime of a phonon is limited by interactions with
boundaries, defects, free carriers, and other phonons. If these
interactions take place independent of one another, an as-
sumption that may not remain strictly valid at high free car-
rier concentrations but is often employed to analyze GaN
carrier transport nonetheless, Matthiessen’s rule allows for
the scattering as a whole to be examined through analysis of
the individual scattering sources themselves.34–36 During the
Raman measurement, a large set of individual scattering
events is probed and the resulting lifetime is an average com-
posed of contributions from each of these scattering sources.
This average is weighted toward those events occurring most
often and, hence, the scattering source with the greatest
strength. In general, the combined strength of a scattering
source is population dependent, depending on defect density,
phonon population, carrier population, etc. Differences in the
measured lifetimes then arise due to disparities in the popu-
lations of the scattering sources themselves. Thus, by under-
standing the temperature dependent populations of the scat-
tering sources, it becomes possible to identify the dominant
scattering mechanism in each of the differently doped
samples.
As GaN has a stable crystal arrangement, the microstruc-
ture may be assumed to remain static during the measure-
ments and, hence, so too the number of defects. Thus, with
an increase in temperature, the number of scattering events
arising from the presence of defects will remain largely con-
stant. In contrast, the number of both phonon-phonon and
phonon-carrier scattering events will change with tempera-
ture as the number of these species available for interaction
varies due to their temperature dependent Bose–Einstein and
Fermi–Dirac distributions, respectively. Therefore, with an
increase in temperature and a concomitant increase in the
number of phonons and free carriers, the measured lifetime
will become ever more weighted to the effect of these spe-
cies rather than those of the microstructure. Consequently,
comparison of the phonon lifetimes at higher temperatures
between each of the doped samples allows for the effects of
phonon and carrier scattering to be isolated from those stem-
ming from the microstructure.
Separation of the carrier and phonon effects may then
occur by recognizing that each of the differently doped
samples remains in a GaN wurtzite crystal arrangement and,
as such, displays a nearly identical dispersion. With similar
dispersions, the levels of phonon-phonon scattering will be
practically equivalent between the specimens. In contrast, the
numbers of carriers and, hence, the levels of carrier scatter-
ing will be different between the samples owing to the vari-
ance in doping concentration. As the value of the lifetime is
intrinsically tied to the population of the scatterers, similari-
ties in the measured lifetimes may evolve only through a
dominant source common to all samples. Only phonon-
phonon scattering is similar in each of the specimens and,
thus, a convergence in the value of the lifetimes indicates a
dominance in this form of scattering and an associated inde-
pendence of carrier scattering. By using this deductive pro-
cedure, similarities in the lattice scattering are seen in Fig. 3,
wherein the lifetimes of the E2
high mode converge to a com-
mon value of 
1.25 ps near 300 °C, indicating a prevalence
of phonon-phonon scattering and, as expected, an indepen-
dence of carrier interaction. At lower temperatures, mean-
while, the lifetime widely varies between samples as micro-
structural differences arising from the doping procedure
become an ever more dominant scattering source.
C. A1„LO… and E1„LO… phonon decay channels and
carrier dependency
At high free carrier concentration, coupling occurs be-
tween the LO modes and plasmons creating a LPP coupled
mode. This LPP mode has a spectral shape dependent on the
frequency of the free carriers and was used as a complement
to Hall measurements in the determination of free carrier
concentration.21,37 Recently, Tsen et al.6 used this LPP mode
to measure the lifetime of the A1LO phonon, by assuming
equivalent durations for both the coupled and vibrational
modes. By using this same assumption, it is then possible to
examine the decomposition processes of the A1LO and
E1LO phonons. To determine these processes, the modified
Klemens decay model that uses the Ridley decomposition
channel, which is presented in Eq. 3, was utilized to simu-
late the temperature dependent lifetime response for both the
A1LO and E1LO modes.
Unlike the E2
high mode, high energy A1LO and E1LO
lifetimes cannot be modeled by using a symmetric phonon
decay process since 0 /2 occurs in a large phonon bandgap
of the dispersion curve. For the A1LO mode, it was both
theoretically postulated by Ridley38 and experimentally veri-
fied by Tsen et al.39 that an asymmetric three-phonon process
is the dominant decay pathway, whereby the LO phonon de-
composes into a TO and longitudinal acoustic mode. By as-
suming this asymmetric decomposition for the three-phonon
process in Eq. 3, while making no other assumptions for
the four-phonon process, the temperature dependence of the
A1LO and E1LO modes was modeled for each of the
different samples with excellent correlation, as seen in Fig. 5.
From these fitted models, the ratio of 0 /1 was found to be
50 for each case, illustrating the clear dominance of the
three-phonon decay process. The pathways for these trans-
formations are shown in Fig. 6, wherein it is evident that the
decay into the TO mode at a wave number of 
530 cm−1,
indeed, occurs. In light of these results, it then becomes ap-
parent that the avenue for decay of the phonons themselves
is independent of carrier concentration.
Due to an intense Fröhlich interaction, the higher energy
optical modes heavily interact with free carriers.37,40 Re-
cently, this was experimentally shown as under nonequilib-
rium fields, the phonon lifetime of the A1LO mode is ob-
served to inversely vary with the free carrier concentration.5,6
In this study, however, the incident laser light is below the
bandgap of the GaN and the equilibrium response of the
crystal is probed instead. Yet despite this significant differ-
ence between the conditions in this study and those of pre-
vious studies, a similar trend for the A1LO, as well as the
E1LO mode, is found as the lifetime is seen to decrease
across all temperatures with an increase in free carrier con-
centration Fig. 5. Quantitatively, this trend is exhibited at
room temperature at which the lifetimes of the A1LO mode
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were found to vary between 0.86 and 0.69 ps across a carrier
concentration range of 3.11017–1.21018 cm−3. These
values are within the lifetime range of 2–0.51 ps recently
reported by Tsen et al.6 for GaN in a similar concentration
regime.
The dependency of the lifetime on doping concentration
occurs due to a direct interaction of the phonons with the
carriers rather than differences in the microstructure arising
from to the doping procedures themselves. While the doping
process does induce distortion of the lattice and, hence, strain
fields that affect phonon scattering, these microstructural ef-
fects are not the dominant scattering source. Rather, the car-
riers themselves weigh most heavily on the scattering of the
LO modes. This is first indicated upon investigation of Fig.
5, wherein the lifetimes do not converge at higher tempera-
tures. The lack of convergence indicates that phonon-phonon
scattering is not the dominant mechanism as was the case for
the nonpolar E2
high mode. Hence, an additional source of scat-
tering either in the form of microstructural differences or
direct carrier/phonon interaction must be present even at
these higher temperatures.
To ascertain the nature of this additional scattering
source, it is useful to examine the rate of change in the life-
time with respect to temperature  /T. Utilizing the de-
rivative is pertinent, allowing for the removal of microstruc-
tural effects as, again, this scattering source remains largely
constant with temperature. Consequently, through examina-
tion of the derivative, only the effects of phonon-phonon and
phonon-carrier scatterings are investigated. Hence, due to the
sample’s common dispersion, a convergence of the lifetime’s
derivative with respect to temperature indicates that the
phonon-phonon scattering is dominant and, thus, differences
in the actual lifetime evolve from microstructural differ-
ences. Upon investigation of Fig. 7, however, it is seen that
for each LO mode, the rate of change in the lifetime remains
distinct at all temperatures. This result indicates that the
dominant source of scattering varies in its temperature de-
FIG. 5. Color online Lifetimes of the a A1LO and b E1LO modes
as a function of temperature. Unlike the E2
high mode, the lifetimes of the LO
modes remain distinct across the entirety of the examined temperature
range, indicating interactions with the free carriers. As expected, the life-
times decrease with an increase in free carrier concentration.
FIG. 6. Color online Dispersion curve of wurtzite GaN as reported by
Siegle et al. Ref. 41. The asymmetric decay of the LO phonons occurs via
decomposition into a TO mode. Notice that although the four-phonon pro-
cess may occur via the dashed line, three-phonon processes dominate in the
determination of the lifetime for these modes. Note that, although only the
A1LO pathways are shown, the pathways for the E1LO mode are ex-
tremely similar.
FIG. 7. Color online Rate of change in the lifetime of the a A1LO and
b E1LO modes with respect to temperature. Utilizing the rate of change
isolates the source of scattering to only other phonons and free carriers. As
the phonon-phonon scattering is equivalent between each of the samples, the
discrepancy in the rate of change indicates that differences in the lifetime
values may be attributed to direct phonon-carrier interaction.
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pendent population between each of the specimens exam-
ined. It may then be deduced that the carriers themselves
directly interact with the LO modes.
D. A1„TO… phonon decay channels and carrier
dependency
Charge carriers in GaN strongly interact with the LO
optical modes and, thus, several researchers have concen-
trated on the lifetimes of these polar optical phonons. How-
ever, as shown in Sec. III C, the LO modes undergo asym-
metric decay into transverse optical TO modes. Thus,
understanding the lifetimes and decay mechanisms of these
TO modes is also necessary to elucidate the entirety of the
phonon energy cascade into acoustic modes. To this end, the
temperature dependence of the A1TO mode was fitted by
using Eq. 3, as shown in Fig. 8. For each sample, excellent
correlation between the model and data is achieved assuming
symmetric decay for the three-phonon process 0 /2
266 cm−1 along with an associated value of 0 /3 utilized
for the four-phonon process. This decay pathway is viable as
indicated in Fig. 9 by the points of intersection annotated
along the constant energy lines of 266 and 177 cm−1 corre-
sponding to the three- and four-phonon processes, respec-
tively.
Further examination of Fig. 8 displays convergence of
the lifetimes at higher temperatures for the lower doped
samples GaN and pGaN, while the lifetime of nGaN speci-
men is continually lower. This difference with doping does
not arise due to a direct interaction of the phonon with the
carrier, however, but rather as a consequence in heavier scat-
tering with the microstructure in the nGaN sample. Exami-
nation of Fig. 10 verifies this assertion as the rate of change
in the lifetime with temperature converges for each of the
samples. This indicates that the temperature dependent scat-
tering sources are similar in each of the samples and, thus,
carrier interaction does not occur. Therefore, carrier interac-
tion does not permeate through the entirety of the energy
cascade. Instead, energy flows regardless of carrier concen-
tration once decay from the higher energy LO modes is ac-
complished.
IV. CONCLUSION
By using the energy-time uncertainty relation, phonon
lifetimes were measured for four different optical modes in a
series of gallium nitride samples, each having a different free
carrier concentration. By measuring the lifetimes across the
typical operating temperature spectrum for GaN devices, de-
cay mechanisms and pathways for each of the different
modes were deduced. Lower energy modes were found to
decay via a combination of symmetric three- and four-
phonon processes. In contrast, the higher energy LO modes
primarily decomposed via asymmetric three-phonon Ridley
decay. Through the use of previously determined dispersion
relations, a graphical technique accounting for both the con-
servation of energy and phonon momentum allows for visu-
alization of the entire energy cascade. The effect of free car-
rier concentration on phonon decay was then examined for
each of the four modes through an analysis of both the life-
time and the rate of change in lifetime with respect to tem-
perature. Through this analysis, it was found that only the
high energy LO modes directly interact with the free carriers,
while the modes into which the LO modes decay are inde-
pendent of their presence. Consequently, upon decomposi-
tion of a LO mode, energy propagates independently of the
FIG. 8. Color online Lifetime vs temperature for the A1TO mode. Al-
though convergence is seen at higher temperature for the lower doped
samples GaN and pGaN, the higher doped nGaN specimen has a lifetime
clearly distinct from these other two specimens, raising suspicions that car-
riers may interact with this mode.
FIG. 9. Color online Dispersion curve of wurtzite GaN as reported by
Siegle et al. Ref. 41. Decay for the A1TO occurs via both three-phonon
processes solid line and four-phonon processes dashed line.
FIG. 10. Color online Rate of change in the lifetime of the A1TO and
with respect to temperature. Convergence in this rate of change is seen for
each of the differently doped samples, indicating the absence of any phonon-
carrier interaction. Consequently, differences in the lifetimes arise due to
interaction with the microstructure.
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presence of carriers. Therefore, the most significant bottle-
neck to energy dissipation in GaN devices occurs as a result
of the inefficient decay of the LO modes into lower energy
lattice vibrations. Future studies should then focus on limit-
ing the ability of free carriers to reabsorb these polar modes
to maximize energy transfer, thereby limiting the likelihood
of hot spot formation.
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